Introduction
============

Obstructive lung diseases such as asthma and chronic obstructive pulmonary disease (COPD) are complex, multifactorial diseases, which result from different pathophysiological conditions. The commonality of airway narrowing results in increased inspiratory and expiratory resistance to flow that induces, among other effects, a greater work of breathing. In turn, increased work of breathing can lead to respiratory muscle fatigue that may contribute to breathlessness and to the development of a life-threatening acute respiratory failure. Furthermore, in spite of the various disease management strategies employed to lessen the obstructions (eg, bronchodilators), the increased work of breathing tends to reduce exercise capacity, leading to negative long-term outcomes. This is especially the case for COPD patients because the obstructions are not reversible.[@b1-copd-10-1987]

Helium/oxygen (He/O~2~) therapies have been studied as a means to reduce the symptoms of obstructive lung diseases, with mixed results. With regard to acute asthma, several clinical studies and case reports have been published to date on the use of He/O~2~ mixtures in the management of exacerbations in adults and children. Helium/oxygen mixtures were used according to two fundamentally different therapeutic approaches: first, to lower the work of breathing and thus to relieve respiratory muscle load[@b2-copd-10-1987]--[@b8-copd-10-1987] and second, as a carrier gas mixture for drug nebulization to improve bronchodilator deposition in the airways.[@b9-copd-10-1987]--[@b11-copd-10-1987] Similar to asthma, inconclusive results have been reported for He/O~2~ therapies of COPD, and there have been no definitive major clinical trials that prove efficacy.[@b12-copd-10-1987]--[@b15-copd-10-1987] However, typically clinical trials have used spirometry as the primary measure of disease severity even though it is an unsatisfactory surrogate marker of disease activity, the type of airway lesions, or for distinguishing COPD subphenotypes;[@b16-copd-10-1987] thus, it is possible that He/O~2~ has not been adequately evaluated.

The mechanisms underlying how He/O~2~ breathing could benefit patients with acute or chronic obstructive airway diseases are now better understood from computational,[@b17-copd-10-1987],[@b18-copd-10-1987] experimental,[@b19-copd-10-1987],[@b20-copd-10-1987] and clinical approaches.[@b1-copd-10-1987],[@b21-copd-10-1987],[@b22-copd-10-1987] He/O~2~ decreases airway resistance due to obstructions, but only the component of resistance that is density dependent, ie, either due to turbulence (occurring in upper and large conducting airways) or acceleration/deceleration of gas flow as it passes through airway branching and obstructions (occurring approximately to the tenth lung generation). Furthermore, expiratory airflow limitation can also be positively influenced by breathing He/O~2~ because the resistance to exhalation is reduced, reducing operational lung volume.[@b19-copd-10-1987] Conversely, because the viscosity of He/O~2~ is slightly greater than those of air or oxygen,[@b17-copd-10-1987] resistance in the straight parts of the very small airways (where the flow is laminar) is greater. Also, the effect of He/O~2~ is negligible on the elastic component of the work of breathing, ie, the work required to expand the lung and chest wall. Thus, although in theory, patients with an obstructive airway disease breathing He/O~2~ will potentially have decreased airway resistance and reduced work of breathing compared to breathing air or oxygen, He/O~2~ will benefit only patients for whom an elevated level of airway resistance is predominantly due to an increase in the density-dependent component.

Pathophysiological effects of He/O~2~ mixtures in patients with COPD in a stable state have been investigated in exploratory studies involving small numbers of patients. These studies provide useful information about how He/O~2~ mixtures could represent a therapeutic advantage for patients with COPD. For example, several studies concluded that He/O~2~ breathing was beneficial during exercise but had no effect on lung mechanics and gas exchange at rest.[@b23-copd-10-1987]--[@b25-copd-10-1987] Palange et al[@b24-copd-10-1987] and Eves et al[@b23-copd-10-1987] showed that He/O~2~ mixture inhalation while cycling resulted in delayed dynamic hyperinflation and improved respiratory mechanics, which translated into increased maximum ventilatory capacity, better exercise tolerance, and higher intensity level of exercise. Similarly, in a randomized, cross-over, blinded study including 82 COPD patients, Laude et al[@b26-copd-10-1987] demonstrated that breathing He/O~2~ 72%/28% or 79%/21% mixtures increased shuttle walking distance and reduced dyspnoea score and that these positive effects were greater in the most severely obstructed patients.

The influence of disease, and disease severity, on efficacy of He/O~2~ is not well understood and contributes to the fact that responders and nonresponders to He/O~2~ therapies are not easily identified.[@b27-copd-10-1987] To better understand the variability in results of He/O~2~ therapy, an exploratory physiological study was performed. Herein are reported the results of this single site, exploratory, phase I/II, randomized trial comparing the effects of He/O~2~ mixture (78%/22%). The gases were administered to healthy, asthmatic, and COPD participants, both moderate and severe, as HeO~2~ efficacy could be affected by the pattern of airway obstructive limitation, at rest and during submaximal cycling exercise. Measurements of ventilatory parameters, forced spirometry, and ergospirometry were obtained. The analysis presented herein is focused on the metabolic cost of exercise, especially in terms of the response of individual participants to exercise while breathing He/O~2~. The results of this study may also contribute toward a better overall understanding of how He/O~2~ mixtures could be a benefit to patients with obstructive lung diseases depending on the nature of airway remodeling.

Materials and methods
=====================

Participants
------------

The main criteria for inclusion were based on the health status of the participant, healthy (n=6), asthmatic (n=12), or diagnosed with COPD (n=12). Healthy volunteers and asthmatics had to be never-smokers or had to have stopped smoking at least 6 months before selection, with a smoking history of less than 10 pack-years. Asthma was to be clinically diagnosed and classified moderate (n=6) or severe persistent (n=6) according to symptoms and lung function in accordance with the Global Initiative for Asthma guidelines.[@b12-copd-10-1987] COPD was to be clinically diagnosed and classified as moderate (n=6) or severe (n=6) based on postbronchodilator forced expiratory volume in 1 second (FEV~1~) in accordance with the Global Initiative for Chronic Obstructive Lung Disease guidelines.[@b28-copd-10-1987] All participants were to be outpatients during the study and had to have been free from exacerbation for at least 4 weeks. The study was approved by the local ethics committee (Ethikkommission der Bayrischen Landesärztekammer) and by the BfArM (EudraCT number: 2007-004158-10; [ClinicalTrials.gov](http://ClinicalTrials.gov) identifier: NCT00801307).

Study design
------------

The study was single site, randomized, single blind, and three times cross-over ([Figure 1](#f1-copd-10-1987){ref-type="fig"}). After having performed baseline spirometry and body plethysmography, participants were assigned for inhalation experiments at rest and during light cycling exercise while breathing helium--oxygen 78%/22%, 65%/35% or medical air (nitrogen/oxygen, 78%/22%) in a randomized order. Before the measurements, participants had abstained from bronchodilators for at least 12 hours for long-acting bronchodilators and/or 6 hours for short-acting bronchodilators. In this paper, only 78%/22% results and analysis are presented to focus on the effects of inhaled helium as opposed to elevated oxygen concentration and because no control data were taken with a 65%/35% nitrogen/oxygen, making direct comparisons impossible.

Inhaled gas mixtures
--------------------

He/O~2~ mixtures were supplied by Air Liquide Deutschland GmbH, (Paris, France) and medical air by Air Liquide Santé France (Aix-en-Provence, France) in 50 L gas cylinders, with pressure regulators. The initially dry gas mixtures were delivered through a bubble humidifier to a large volume breathing bag. Flow of gas from the cylinders to the breathing bag was adjusted individually for each participant to ensure the bag remained inflated. The breathing bag was connected to a flow sensor (Triple V, Viasys, Höchberg, Germany) and one-way breathing valve (Radiax, Viasys) to minimize leakage and prevent exhaled gas from entering the breathing bag. Participants inhaled gas mixtures from the breathing bag through the flow sensor and one-way valve via a mouthpiece.

Lung function measurements
--------------------------

Body plethysmography and spirometry were performed in seated position using a Jaeger Masterlab (Viasys). During the inhalation experiments, spirometry and ergometry was performed at rest, after an initial 5 minutes wash-in phase with the gas mixtures in the allocated order, and during cycling using the Jaeger Oxycon Pro (Viasys). Measurements were performed according to the international guidelines and expressed in absolute and percent of predicted for age, sex, and height.[@b29-copd-10-1987]

Submaximal exercise protocol: light cycling
-------------------------------------------

After 5 minutes of rest, each subject was asked to perform 5 minutes of unloaded cycling and then 5 minutes of submaximal cycling exercise with the gas mixtures in the allocated order. The predicted maximum exercise work rate (WR~max~) in watts (it was not measured) was determined based on a correlation for COPD patients given by Diaz et al[@b30-copd-10-1987]: $$\text{WR}_{\max} = - 7.2 + 0.43\ \text{IC}(\%\text{perd}) + 0.37(\text{FEV}_{1}/\text{FVC}(\%\text{pred})),$$where IC is the inspiratory capacity, FEV~1~ is the forced expiratory capacity in 1 second, and FVC is the forced vital capacity. The participants were instructed to maintain cycling at 50--60 revolutions per minute to keep the work rate constant during the measurements. Expired gases ( ${V^{\prime}}_{O_{2}}$, ${V^{\prime}}_{\text{co}_{2}}$) and minute ventilation (V′~E~) were measured breath-by-breath using the Jaeger Oxycon Pro (Viasys). The Jaeger Oxycon Pro turbine pneumotachograph and gas analyzer were calibrated before each inhalation experiment with the appropriate gas mixture.

Evaluation criteria and statistics
----------------------------------

The analysis presented herein is primarily based on using oxygen uptake ${(V^{\prime}}_{O_{2}})$ as an indirect measure of the metabolic cost of submaximal exercise under air or He/O breathing.[@b31-copd-10-1987] Considered first is ${V^{\prime}}_{O_{2}}$ at baseline normalized by an accepted value for average resting oxygen consumption (3.5 mL O~2~/kg/min)[@b32-copd-10-1987] and ${nV^{\prime}}_{O_{2}}$, calculated to evaluate the status of the participants at rest. Second, the metabolic equivalent (MET) cost of exercise while breathing air or He/O~2~ is calculated by dividing the ${V^{\prime}}_{O_{2}}$ at submaximal exercise by the ${V^{\prime}}_{O_{2}}$ at the baseline rest condition. To reduce MET shows that He/O~2~ is benefiting the subject. The third measure is ${V^{\prime}}_{E}/{V^{\prime}}_{O_{2}}$, which we interpret as a measure of the efficiency of breathing; this ratio represents unit volume of gas delivered to the lungs per unit oxygen consumed. Recognizing that reducing the resistance to flow could be a significant part of the overall energy needs of an obstructed patient during exercise,[@b17-copd-10-1987] to increase this ratio going from air to He/O~2~, with the exercise being the same, indicates that the change in gas mixture benefits the patient.[@b33-copd-10-1987]

Data are reported as means with the 95% confidence interval. Statistical significance was set at *P*≤0.05. All data collected were tabulated descriptively by study disease and severity as well as by study disease only. On the per protocol data set, comparison of the measurements at rest and during exercise while breathing each gas mixture, were made using the Dunnett's test following a parametric analysis of variance model.

Results
=======

Subject characteristics
-----------------------

Thirty-five adults were included in the study after having provided written informed consent. Thirty (6 healthy participants, 12 stable moderate to severe persistent asthmatics, 12 stable moderate to severe COPD participants) completed the study. Demographic data, baseline lung function, and pulse oximetry parameters are presented for each study group in [Table 1](#t1-copd-10-1987){ref-type="table"}. For the asthmatics, 57% (n=4) experienced symptoms more than once a week, and 100% (n=7) of the severe persistent and 71% (n=5) of the moderate persistent regularly used rescue short-acting β2 agonists. Among participants with COPD, 58% (moderate n=3, severe n=4) had frequent cough, 75% (moderate n=5, severe n=4) frequent expectoration, 33% (moderate n=1, severe n=3) had a grade of breathlessness ≥3 according to the Modified MRC Dyspnea Scale, and 9 were current smokers. Data provided in [Table 1](#t1-copd-10-1987){ref-type="table"} are not only for the three study groups, healthy, asthmatics, and COPD participants, but are also broken down by severity of disease where this subcategorization is significant, and for individual results the severity will be considered.

Results per study group
-----------------------

### Effect of He/O~2~ breathing on lung function parameters

At rest, the nonsignificant increases in FEV~1~ were greater with He/O~2~ than that with air (absolute differences were of +0.23 L, 95% CI \[−0.90 to 1.35\] for healthy volunteers, +0.20 L, 95% CI \[−0.35 to 0.75\] for asthmatics, and +0.14 L, 95% CI \[−0.22 to 0.49\] for participants with COPD) (*P*=0.84, 0.61, and 0.58, respectively).

Measurements of tidal volume (V~T~) were not significantly different statistically between air and He/O~2~ for the healthy, asthmatic, and COPD study groups at rest or during exercise. The difference was statistically significant only for the subgroup of severe COPD participants at rest (−230 mL, 95% CI \[−440 to −10\], *P*=0.04).

Differences in inspiratory capacity measured at rest while breathing He/O~2~ compared to those measured with air were not statistically significant, whatever the study group considered: absolute differences were of −140 mL, 95% CI \[−0.93 to 0.65, *P*=0.87\] in healthy volunteers, −150 mL, 95% CI \[−0.92 to 0.61, *P*=0.85\] in asthmatics, and −360 mL, 95% CI \[−0.98 to 0.25, *P*=0.30\] in participants with COPD. They were also comparable during exercise.

### Effect of He/O~2~ breathing on exercise test parameters

Comparisons of selected ventilatory and cardiac parameters measured while breathing He/O~2~ 78%/22% and air during constant calibrated cycling shows that the differences were small and not statistically significant ([Table 2](#t2-copd-10-1987){ref-type="table"}).

For a comparable work rate, oxygen uptake tended to be lower while breathing He/O~2~ compared to air in all study groups (absolute differences were of −321 mL/min, 95% CI \[−801 to +160\] in healthy volunteers, −212 mL/min, 95% CI \[−376 to −49\] in asthmatics, and −59 mL/min, 95% CI \[−236 to +117\] in participants with COPD), but the differences were statistically significant only for the moderate and severe asthmatics ([Table 2](#t2-copd-10-1987){ref-type="table"}). The decrease in oxygen uptake while breathing He/O~2~ during the submaximal exercise was not associated with a significant decrease in minute ventilation. The same observation was made for ${V^{\prime}}_{\text{co}_{2}}$.

[Figure 2](#f2-copd-10-1987){ref-type="fig"} shows the change in ${nV^{\prime}}_{O_{2}}$ while inhaling each gas mixture for each group. The average values indicate that the healthy and unchallenged asthmatics have near normal values (ie, 1 at rest). The COPD participants have elevated ${nV^{\prime}}_{O_{2}}$, indicating they might have difficulty doing everyday activities since this ratio is a measure for exercise capacity.[@b33-copd-10-1987] It is important to point out that for the COPD participants the average response to He/O~2~ at rest is negative in terms of metabolic cost in that the ${nV^{\prime}}_{O_{2}}$ increased. In [Figure 3](#f3-copd-10-1987){ref-type="fig"}, the average MET values for submaximal exercise are shown; now note that for all groups there is some benefit due to He/O~2~. The work rate of the exercise ranges from the equivalent of very heavy housework for the healthy participants to very light housework for the severe participants ([Table 2](#t2-copd-10-1987){ref-type="table"}).[@b32-copd-10-1987]

Individual results
------------------

### Effect of He/O~2~ on the metabolic cost for individuals

Plots showing the change in nV′~O2~ and MET while inhaling each gas mixture at rest and at submaximal exercise for each subject are shown in [Figures 4](#f4-copd-10-1987){ref-type="fig"} and [5](#f5-copd-10-1987){ref-type="fig"}, respectively. Plots showing the change of ${V^{\prime}}_{E}/{V^{\prime}}_{O_{2}}$ during exercise for each subject are shown in [Figure 6](#f6-copd-10-1987){ref-type="fig"}.

[Figure 7](#f7-copd-10-1987){ref-type="fig"} shows the percent change in the metabolic cost of breathing in terms of ${V^{\prime}}_{E}/{V^{\prime}}_{O_{2}}$ going from air to He/O~2~ for each subject and categorized by subject group plotted as a function of inspiratory capacity percent predicted (IC%). A positive change indicates a benefit to breathing the He/O~2~ mixture. The ratio ${V^{\prime}}_{E}/{V^{\prime}}_{O_{2}}$represents unit volume of gas delivered to the lungs per unit energy expended. Thus, to increase this ratio going from air to helium/oxygen, with the exercise being the same, indicates that the change in gas mixture benefits the patient. Furthermore, while the effect of He/O~2~ has no direct effect on the elastic component of the work of breathing (ie, the work required to expand the lung and chest wall) reduced operational lung volume due to lower resistance during exhalation could in turn reduce the work required for inhalation.

Discussion
==========

In this study, He/O~2~ mixtures and medical air were administered to healthy, asthmatic, and COPD participants at rest and during submaximal cycling exercise. Consistent with other exercise studies,[@b24-copd-10-1987] there was no statistical difference in ventilatory and cardiac responses to breathing He/O~2~ during exercise. For asthmatics, there was a statistical benefit in reduced metabolic cost for the same exercise work rate, but not for the COPD participants. However, the individual data as shown in [Figures 5](#f5-copd-10-1987){ref-type="fig"} and [6](#f6-copd-10-1987){ref-type="fig"} indicate that there were both responders and nonresponders to He/O~2~ in all of the groups similar to other He/O~2~-based respiratory therapies.[@b14-copd-10-1987],[@b34-copd-10-1987] For example, there was an increase in metabolic cost from +60% to −20% change compared to values measured for air. These data suggest that the clinical drawback of inconsistent response is a key limitation to the effective and widespread use of He/O~2~ to increase exercise capacity, and this may be the case for other therapeutic applications as well. Thus, these results reinforce the practical importance of the prediction of response to He/O~2~ therapy noted by others.[@b34-copd-10-1987],[@b35-copd-10-1987]

This was an exploratory study such that each subgroup of participants was small (n=6), but the presence of responders and nonresponders suggests that even if the number of subjects were increased substantially, statistically significant results might be elusive. This particular point was the motivation to emphasize individual results in this paper. Furthermore, we believe that the search for the respiratory/mechanical biomarkers that would predict response is a key to expanding the successful use of He/O~2~ therapies. However, as discussed below, the familiar pathological descriptors (eg, asthma and COPD and their severity) and quantitative measures of pathology (eg, FEV~1~) are not adequate predictors of response. Noting the difficulty in predicting responders to He/O~2~ therapy, the underlying causes are probably related to the interaction of gas flow rate and the location and severity of obstructions. Thus, especially for COPD, response can be as varied as is the nature of this complex syndrome.

Of the various baseline lung function measurements taken, only IC% predicted showed a correlation to metabolic cost; and only for the healthy and COPD participants, but not at all for asthmatics. The correlations and the coefficients are shown in [Figure 7](#f7-copd-10-1987){ref-type="fig"}. This result is in agreement with that of Puente-Maestu et al[@b36-copd-10-1987] in that there is a good correlation between the resting IC% predicted and the oxygen uptake during exercise for COPD participants. Regarding the delineation of responders and nonresponders to He/O~2~ therapy, two points can be made. First, the fact that there was a fairly good correlation of IC% predicted with the metabolic cost of exercise for healthy volunteers and COPD participants suggests that it might be used as the predictor response. This potential is somewhat supported by D'Angelo et al[@b34-copd-10-1987] who found a strong correlation with IC% predicted for the presence of tidal expiratory flow limitation. A second point to be made is that the exercise/ergospirometry tests performed for this study could serve as a predictor for responders as shown in [Figure 7](#f7-copd-10-1987){ref-type="fig"}, with the significant but surprising caveat that He/O~2~ therapy performs better with the increasing IC% predicted, ie, for the less severe COPD.

An additional potential benefit of breathing He/O~2~ during exercise is the reduction of expiratory flow limitation and decreased dynamic hyperinflation.[@b34-copd-10-1987],[@b35-copd-10-1987] However here IC did not improve between rest and exercise as an indicator that hyperinflation had decreased. A potential explanation for this lack of response was the relative severity of disease of the participants or severity of hyperinflation in terms of hyperinflation. Only the severe COPD participants had IC% predicted less than 100%, and only three of those individuals had values less than 80%. For more nuanced arguments on the effects of He/O~2~ on tidal expiratory flow limitation and IC, see D'Angelo et al.[@b34-copd-10-1987]

Three mechanisms have been proposed as the major limitation to exercise performance in COPD: inadequate energy supply to the respiratory and locomotor muscles, lower limb muscle dysfunction, or dynamic hyperinflation. Recent studies of physiological response to He/O~2~ and exercise for COPD participants have provided interesting results on whether or not the gas mixture facilitates redistribution of blood flow to the lower limbs.[@b1-copd-10-1987],[@b22-copd-10-1987] The study presented herein does not add to this discussion, but seems to point to energy needed by the respiratory muscles during submaximal exercise with little hyperinflation.

In this study, the technical details of gas delivery and measurement were scrutinized (eg, all devices were calibrated with He/O~2~). In spite of this care, measurement uncertainty or infiltration of ambient air into the He/O~2~ at the patient interface could have compromised the results. This is an inherent limitation when using equipment not specifically designed for use with a particular gas. Clearly, another limiting factor in this exploratory study is the small number of subjects. As such, more selective inclusion of subjects might have yielded greater insight into the reason for nonresponse to He/O~2~. For example, three-dimensional reconstruction of the airways based on high-resolution computed tomography X-ray has been shown to provide evidence of lung remodeling that could be correlated to response.[@b35-copd-10-1987] Furthermore, patients who were unlikely to benefit from He/O~2~ because they were exercise limited due to leg muscle fatigue rather than ventilatory limitations could potentially have been excluded based on the absence of leg discomfort/low leg discomfort Borg scores at the end of medical air exercise, etc. Finally, note that while the goal was to have a consistent level of submaximal exercise across the groups, this was not achieved according to the maximum exercise predicted values listed in [Table 2](#t2-copd-10-1987){ref-type="table"}; however, it should be recognized that this correlation was developed for COPD patients. Thus, the actual relative level of exercise is not known.

As mentioned previously, measurements were also performed with 65%/35% He/O~2~ mixture; however, in this paper, these results have not been presented because no data were taken with a 65%/35% nitrogen/oxygen control, making direct comparisons impossible. However, it should be noted that because supplemental oxygen has been shown to increase exercise tolerance for hypoxemic COPD patients at rest, this mixture should be considered in more depth as an auxiliary to exercise therapy.[@b37-copd-10-1987]

Conclusion
==========

This paper has presented the results of a study where healthy, asthmatic, and COPD participants breathed air and He/O~2~ 78%/22% mixture at rest and during submaximal cycling exercise. On average, there is no statistically significant benefit to breathing He/O~2~, but the individual responses show that some participants will have an important increase in exercise capacity. Furthermore, IC% predicted showed promise as a predictor for response to He/O~2~ therapy for COPD participants.

This study was funded by Air Liquide.
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![Study flowchart.\
**Notes:** ^a^A 5-minute initial wash-in for healthy volunteers and patients before performing any evaluation. ^b^A 5-minute at rest followed by 5 minutes exercise at 0 Watts and 5 minutes individually adjusted, light adjusted cycling exercise.](copd-10-1987Fig1){#f1-copd-10-1987}

![Average of normalized oxygen uptake $n{V^{\prime}}_{O_{2}} = {V^{\prime}}_{O_{2}}$/(3.5ml/kg/min × weight kg) at rest while breathing air or He/O~2~ mixture for the healthy, asthmatic, and COPD groups.\
**Note:** The error bars represent standard deviation.\
**Abbreviations:** COPD, chronic obstructive pulmonary disease; ${V^{\prime}}_{O_{2}}$, oxygen uptake.](copd-10-1987Fig2){#f2-copd-10-1987}

![Average MET after submaximal exercise for each subject group.\
**Note:** The error bars represent standard deviation.\
**Abbreviation:** MET, metabolic equivalent.](copd-10-1987Fig3){#f3-copd-10-1987}

![Individual changes in normalized oxygen uptake $n{V^{\prime}}_{O_{2}} = {V^{\prime}}_{O_{2}}$/(3.5 mL/kg/min × weight kg) at rest while breathing air or He/O~2~ mixture.\
**Notes:** For the subject groups solid and dashed lines are for moderate and severe cases, respectively. The bars represent the mean values. There were only 30 participants in total who completed the study, but subject numbers were assigned to other initiated patients who later dropped out while the original subject numbers are retained.\
**Abbreviations:** COPD, chronic obstructive pulmonary disease; ${V^{\prime}}_{O_{2}}$, oxygen uptake.](copd-10-1987Fig4){#f4-copd-10-1987}

![Individual changes in MET after submaximal exercise while breathing air or He/O~2~ for the (**A**) healthy, (**B**) asthmatic, and (**C**) COPD groups.\
**Notes:** MET is based on ${V^{\prime}}_{O_{2}}$ measure for each subject at rest. For the subject groups, solid and dashed lines are for moderate and severe cases, respectively. The bars represent the mean values. There were only 30 participants in total who completed the study, but subject numbers were assigned to other initiated patients who later dropped out while the original subject numbers are retained.\
**Abbreviations:** MET, metabolic equivalent; COPD, chronic obstructive pulmonary disease; V′~O2~, oxygen uptake.](copd-10-1987Fig5){#f5-copd-10-1987}

![Individual changes in metabolic cost per unit volume of oxygen inspired after submaximal exercise breathing air and He/O~2~ mixtures as measured by minute ventilation divided by oxygen uptake $({V^{\prime}}_{E} = {V^{\prime}}_{O_{2}})$ for the (**A**) healthy, (**B**) asthmatic, and (**C**) COPD groups.\
**Notes:** For the subject groups, solid and dashed lines are for moderate and severe cases, respectively. The bars represent the mean values. There were only 30 participants in total who completed the study, but subject numbers were assigned to other initiated patients who later dropped out while the original subject numbers are retained.\
**Abbreviations:** COPD, chronic obstructive pulmonary disease; min, minute; ${V^{\prime}}_{O_{2}}$, oxygen uptake.](copd-10-1987Fig6){#f6-copd-10-1987}

![The change in metabolic cost of breathing from air to He/O~2~ for each subject and categorized by subject group plotted as a function of IC% predicted.\
**Note:** The dashed line at 0 is the indicator of no benefit.\
**Abbreviations:** COPD, chronic obstructive pulmonary disease; IC%, inspiratory capacity percent.](copd-10-1987Fig7){#f7-copd-10-1987}

###### 

Baseline characteristics, pulmonary function tests at rest, and pulse oximetry breathing air of the study groups

                               Healthy volunteers   Moderate persistent asthmatics   Severe persistent asthmatics   Moderate COPD participants   Severe COPD participants
  ---------------------------- -------------------- -------------------------------- ------------------------------ ---------------------------- --------------------------
  Sex M/F (n)                  3/3                  3/3                              1/5                            4/2                          6/0
  Age (year)                   32 (6.9)             42 (11.1)                        64 (7.8)                       66 (4.6)                     67 (7.4)
  BMI (kg/m^2^)                21.5 (1.9)           26.1 (5.0)                       25.6 (1.3)                     23.5 (4.3)                   24.7 (3.0)
  FEV~1~/FVC (%)               80 (4)               63 (5)                           47 (8)                         52 (9)                       40 (8)
  FEV~1~ (L)                   4.05 (0.91)          2.66 (0.68)                      1.29 (0.20)                    1.82 (0.52)                  1.29 (0.25)
  FEV~1~ (%pred)               105 (11)             76 (5)                           54 (7)                         66 (11)                      42 (5)
  IC (L)                       3.41 (0.87)          3.29 (0.98)                      2.44 (0.50)                    2.82 (0.61)                  2.35 (0.43)
  IC (%pred)                   105 (13)             107 (16)                         110 (17)                       110 (26)                     77 (12)
  RV/TLC (%)                   27.0 (3.9)           37.5 (9.4)                       54.0 (4.7)                     49.8 (6.9)                   56.5 (7.9)
  SpO~2~ (%)                   98 (0.5)             98 (0.8)                         95 (1.5)                       96 (1.6)                     95 (2.4)
  Symptoms \>1/week            NA                   3                                2                              NA                           NA
  Regular use of β2 agonists   NA                   5                                6                              NA                           NA
  Frequent cough               NA                   NA                               NA                             3                            4
  Frequent expectoration       NA                   NA                               NA                             5                            4
  Breathlessness score ≥3      NA                   NA                               NA                             1                            3
  Current smokers              NA                   NA                               NA                             6                            4

**Notes:** Data are provided as mean (standard deviation). Grade of breathlessness ≥3 is according to the Modified Medical Research Council Dyspnea Scale.

**Abbreviations:** BMI, body mass index; F, female; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; IC, inspiratory capacity; M, male; NA, not applicable; RV, residual volume; SpO~2~, O~2~ saturation measured at fingertip; TLC, total lung capacity; %pred, percent predicted.

###### 

Physiological response parameters during constant work rate exercise for the different study groups and the two gas mixtures (He/O~2~ 78%/22% and Medical air)

                                                       Healthy volunteers (N=6)   Moderate persistent asthmatics (N=6)                       Severe persistent asthmatics (N=6)                         Moderate COPD participants (N=6)   Severe COPD participants (N=6)
  ---------------------------------------------------- -------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------- --------------------------------
  WR~max~(pred)                                        67 (6.1)                   62 (6.4)                                                   60 (11.6)                                                  57 (6.8)                           41 (3.3)
  WR (air), Watts                                      104 (25)                   61 (21)                                                    26 (8)                                                     35 (11)                            26 (9)
  WR (He/O~2~), Watts                                  110 (21)                   68 (24)                                                    29 (9)                                                     40 (15)                            28 (8)
  Metabolic                                                                                                                                                                                                                                
    ${V^{\prime}}_{O_{2}}$ (air), mL/min               1,524 (306)                1,193 (213)                                                799 (150)                                                  867 (187)                          886 (159)
    ${V^{\prime}}_{O_{2}}$ (He/O~2~), mL/min           1,204 (392)                922 (279)[\*\*](#tfn4-copd-10-1987){ref-type="table-fn"}   645 (106)[\*\*](#tfn4-copd-10-1987){ref-type="table-fn"}   800 (248)                          835 (219)
    ${V^{\prime}}_{\text{co}_{2}}$ (Air), mL/min       1,441 (412)                1,062 (223)                                                699 (157)                                                  785 (184)                          745 (132)
    ${V^{\prime}}_{\text{co}_{2}}$ (He/O~2~), mL/min   1,014 (333)                810 (226)[\*\*](#tfn4-copd-10-1987){ref-type="table-fn"}   499 (98)[\*\*](#tfn4-copd-10-1987){ref-type="table-fn"}    683 (175)                          628 (152)
  Cardiovascular                                                                                                                                                                                                                           
   HR (Air), beats/min                                 135 (20)                   110 (10)                                                   92 (12)                                                    104 (12)                           106 (20)
   HR (He/O~2~), beats/min                             143 (16)                   109 (8)                                                    91 (13)                                                    104 (11)                           104 (16)
  Ventilatory                                                                                                                                                                                                                              
   RR (Air), breaths/min                               18 (3)                     21 (4)                                                     21 (5)                                                     27 (4)                             25 (5)
   RR (He/O~2~), breaths/min                           19 (4)                     22 (4)                                                     20 (8)                                                     28 (5)                             26 (4)
   *V*′~E~ (Air), L/min                                8.0 (1.4)                  6.0 (1.5)                                                  4.8 (0.8)                                                  6.7 (2.1)                          6.0 (1.1)
   *V*′~E~ (He/O~2~), L/min                            7.5 (1.7)                  5.5 (1.4)                                                  4.1 (0.5)                                                  6.2 (1.9)                          5.5 (0.9)
   SpO~2~ (Air), %                                     95 (1)                     96 (1)                                                     97 (1)                                                     95 (1)                             96 (2)
   SpO~2~ (He/O~2~), %                                 96 (1)                     97 (1)                                                     97 (1)                                                     96 (1)                             95 (4)

**Notes:** Data are provided as mean (standard deviation).

*P*\<0.05 as compared to the same variable measured with air.

**Abbreviations:** WR, work rate; WR~max~(pred), maximum work rate predicted; HR, heart rate; RR, respiratory rate; SpO~2~, O~2~ saturation measured at fingertip; *V*′~E~, minute ventilation; ${V^{\prime}}_{O_{2}}$, oxygen uptake; ${V^{\prime}}_{\text{co}_{2}}$, CO~2~ release; min, minute.
